Background-Despite the common occurrence of aortic stenosis, the cellular causes of the disorder are unknown, in part because of the absence of experimental models. We hypothesized that atherosclerosis and early bone matrix expression in the aortic valve occurs secondary to experimental hypercholesterolemia and that treatment with atorvastatin modifies this transformation. Methods and Results-To test this hypothesis, we developed an experimental hypercholesterolemic rabbit model. New
D egenerative aortic valvular disease is a common medical condition. With the decline of acute rheumatic fever, calcific aortic stenosis has become the most common indication for surgical valve replacement. Despite the high prevalence of aortic stenosis, few studies have investigated the mechanisms responsible for aortic valve disease. Recent epidemiological analysis of the risk factors leading to aortic valve disease have identified causative factors similar to those of vascular atherosclerosis, such as smoking, male sex, hypertension, and elevated cholesterol levels. 1 In histological analysis, Mohler et al 2, 3 have determined that mature lamellar bone formation and osteopontin bone expression are present in calcified human aortic valves. O'Brien et al 4 have also identified the presence of apolipoproteins in calcified human aortic valves. However, the mechanism by which bone matrix production develops in the aortic valve remains unknown because of the lack of experimental models.
Vascular calcification is a well-known complication of late-stage vascular atherosclerotic lesions secondary to elevated cholesterol levels in patients with familial type II hyperlipidemia. 5, 6 Recently, Pohle et al 7 correlated the effects of hyperlipidemia with progressive aortic valve and vascular calcification. The cellular mechanism by which vascular calcification develops, as reported in in vitro models and knockout mice, 8, 9 is the transformation of vascular fibroblast cells into osteoblast cells, which produce extraosseous calcification. This osteoblast transformation is the critical step in the development of vascular calcification and bone formation.
We have previously demonstrated in an experimental rabbit model that hypercholesterolemia produces a hyperlipidemic lesion in the aortic valve. 10 In the current study, we investigated whether hypercholesterolemia causes an atherosclerotic proliferative valve lesion associated with the expression of an osteoblast-like phenotype. We also tested whether atorvastatin would inhibit this process in the aortic valve.
Methods

Animals and Valve Specimens
Male New Zealand White rabbits weighing 2.5 to 3.0 kg were assigned to a control (nϭ16) or 1.0% cholesterol-fed group (nϭ16) or to a cholesterol-fed plus atorvastatin group (nϭ16). All animals were fed ad libitum for 8 weeks. Control rabbits were fed a standard diet. Cholesterol-fed animals received a diet supplemented with 1.0% (wt/wt) cholesterol (Purina Mills), and the cholesterol-fed and atorvastatin group were given atorvastatin 3.0 mg/kg daily orally for the statin treatment arm. 11 After this 8-week period, the rabbits were anesthetized with intramuscular ketamine/xylazine (40/5 mg/kg) and then underwent euthanasia with intracardiac administration of 1 mL of Beuthanasia (Schering-Plough, Union, NJ). All experiments were performed in an animal facility accredited by the Association for Assessment and Accreditation of Laboratory Animal Care, Inc. (ACUC-A3283-01, 1-08 -382). Immediately after dissection from the heart, one leaflet from each aortic valve was fixed in 4% buffered formalin for 24 hours and then embedded in paraffin. Paraffinembedded sections (6 m) were cut and stained with hematoxylin and eosin and Masson trichrome stain for histopathological examination.
Lipid Levels and Highly Sensitive C-Reactive Protein Measurements
Blood samples were centrifuged at 2000 rpm for 10 minutes at 4°C, and the serum was stored at Ϫ70°C. Total serum cholesterol levels were measured by standard enzymatic techniques. The highly sensitive C-reactive protein (hsCRP) levels in the serum were measured by an automated latex particle-enhanced immunoturbidometric method from Kamiya.
Immunohistochemistry
The immunostaining of the aortic valves, to identify macrophage cells, proliferating cell nuclear antigen (PCNA), and osteopontin, was performed for confirmation of foam cell formation, cellular proliferation, and bone matrix protein expression. PCNA (a DNA polymerase) is a marker for cellular proliferation (Dako). 12 Macrophage immunostaining identifies the presence of foam cell formation (RAM 11, Dako). 13 Osteopontin is a glycosylated phosphoprotein important in mineralization. The anti-osteopontin was obtained from the University of Iowa Hybridoma Bank. 14 After fixation, slides were treated sequentially with 3.0% H 2 O 2 for 15 minutes and normal rabbit serum for 20 minutes, washed with PBS (wt/wt) for 10 minutes, and incubated in 1:100 anti-PCNA, 1:50 RAM 11, and 1:50 osteopontin for 16 hours at 4°C. To develop color, slides were incubated in 3-amino-9-ethylcarbazole (Sigma Chemical Co) and washed with H 2 O for 5 minutes. The samples were scored semiquantitatively by two observers who were blinded to the treatment arms, and the results are expressed qualitatively and demonstrated in the photomicrographs. There is no systematic difference between readers in the grading of stains by paired t tests (Pϭ0.33). The value for agreement between readers is 0.58, indicating moderate agreement. In only 1 of 18 stains did the 2 readers disagree by more than 1 grade.
Quantification of PCNA Staining
To provide a degree of quantification to our analysis, PCNA expression was determined by means of digital image analysis. 14 This method uses a microscope attached to a computer for capture and quantification of histological images. The device works on the principle of Beer's law, which states that the concentration of a substance is directly proportional to its optical density. The PCNA nuclear antibody is visualized with the use of the bright-field chromogen diaminobenzidine (DAB). All DABpositive nuclei are captured by one camera set for a specific wavelength of light. All nuclei, whether DAB-positive or DAB-negative, are visualized with a diluted hematoxylin solution and captured by a second camera, which is set for a different wavelength of light. The technologist captures the nuclei with a ϫ40 lens, and the instrument digitalizes the images into a series of picture elements or pixels for quantification. This method has been successfully used in our laboratory to quantify immunomarkers in a number of different pathological specimens. 15
Immunogold Electron Microscopy
The valve leaflets were fixed in 4% formaldehyde plus 0.2% glutaraldehyde in phosphate buffer overnight, rinsed in phosphate buffer, partially dehydrated to 80% ethanol, and embedded in LR White resin. Thin sections (Ϸ0.1 m) were mounted on nickel grids and labeled with an antibody to osteopontin. The mouse monoclonal antibody was made against the N-terminal of osteopontin that included the amino acid sequences 3 to 13. 16 Before labeling, the sections were treated with PBS with 0.05% Tween 20 (PBS-T), 1% (wt/vol) glycine and 2% (wt/vol) normal goat serum for 15 minutes. Sections were then incubated in undiluted primary antibody for 2 hours at room temperature. After rinsing extensively in PBS-T, the sections were incubated for 60 minutes in goat anti-mouse antibody conjugated to 10 nm gold diluted 1:50 in PBS-T. Grids were rinsed in PBS-T, rinsed in water, and dried. Sections were examined after staining with uranyl acetate and lead citrate.
Reverse Transcriptase-Polymerase Chain Reaction
Immediately after dissection from the heart, the two remaining leaflets from each aortic valve were frozen immediately for RNA extraction. Total RNA was isolated from the leaflets by pulverizing the tissue under liquid nitrogen and homogenizing it in a small volume of tissue lysis buffer (RNA Wiz, Ambion) followed by extraction with chloroform and precipitation with isopropanol. Aliquots of RNA (20 to 30 g) were then treated with RNase-free DNase1 to remove contaminating genomic DNA, to prevent the possibility of false-positive signals in the polymerase chain reaction (PCR). Reverse transcriptase-PCR (RT-PCR) analysis was performed for the expression of osteoblast marker genes, including alkaline phosphatase, osteopontin, and osteoblast-specific transcription factor (Cbfa-1), using the protocol described by Rickard et al. 16, 17 The primers for Cbfa-1 were synthesized as described by Komori et al. 18 
Plasma Cholesterol and hsCRP Levels, PCNA Quantification, and Osteoblast Markers in the Rabbit Treatment Groups
Statistics
Comparison was made among the 3 groups by means of ANOVA. The Scheffé method of adjustment was performed for multiple pairwise comparisons. All statistical tests were 2-tailed, and a value of PϽ0.05 was considered significant.
Results
Serum Cholesterol and hsCRP Levels
As shown in the Table and in Figure 1A , total serum cholesterol levels were significantly higher in the cholesterol-fed animals compared with control animals (3235Ϯ329 mg/dL versus 51Ϯ12 mg/dL, PϽ0.001). Atorvastatin-treated rabbits had lower cholesterol levels than the rabbits receiving the cholesterol diet alone (1943Ϯ17 mg/dL, PϽ0.001). There was an increase in hsCRP serum levels in the cholesterol-fed rabbits compared with control rabbits (0.16Ϯ0.13 versus 0.04Ϯ0.004, PϽ0.001), which was reduced by atorvastatin (0.09Ϯ0.05) but not significantly, as shown in the Table and in Figure 1B .
Light Microscopy and Immunostaining
The normal aortic valve surface from control animals appeared thin and intact, with a smooth endothelial cell layer covering the entire surface and a thin collagen layer in the spongiosa layer of the valve, as demonstrated by hematoxylin and eosin stain and Masson trichrome stain (Figure 2, A1 and  B1 ). There were no macrophages or proliferation in the aortic valves of normal control rabbits (Figure 2, C1 and D1) . In contrast, the aortic valves from the hypercholesterolemic animals had fatty plaque formation with scant accumulation of basophilic material. Foam cells converged to form a large lipid-laden lesion on the aortic endocardial surface of the valve leaflets (Figure 2, A2 ). There was also an increase in the blue collagen trichrome stain in the hypercholesterolemic aortic valves, as demonstrated in Figure 2 , B2. The endothelial layer on the valve surface appeared disrupted by infiltration of extracellular lipid deposits, myofibroblast cells, 19 and foam cells that stain positive for macrophages (RAM 11), as shown in Figure 2 , C2. These lesions developed primarily at the base of the leaflets and decreased in extent toward the leaflet tips. The hypercholesterolemic aortic valves also demonstrated a marked increase in myofibroblast PCNA staining along the base of the aortic valve, as demonstrated in Figure 2 , D2. The atorvastatin-treated rabbits had a marked decrease in the amount of atherosclerotic plaque burden, macrophage infiltration, and proliferation (Figure 2, A3, B3 , C3, and D3), and these changes were most pronounced at the base of the leaflets.
PCNA Analysis
PCNA-positive cells were detected in the endothelial layer of the aortic valve in the hypercholesterolemic animals, indicating a high level of cellular proliferation (Figure 2, D2) . The total density of PCNA-positive cells in the aortic valve as quantified by digital image analysis was 82.8Ϯ7.3 cells/mm 2 in hypercholesterolemic animals and 4.4Ϯ3.4 cells/mm 2 in control animals (PϽ0.001). The total density of PCNA-positive cells in the atorvastatin-treated rabbits was reduced to 21.9Ϯ10.1 cells/mm 2 , which represents a significant decrease compared with the cholesterol-fed animals without atorvastatin (PϽ0.001). Quantification of the PCNA in the control, cholesterol, and the cholesterol-plus-atorvastatin diets after 8 weeks of treatment is shown in the Table and Figure 3 .
Osteopontin Expression by Immunostaining and Immunogold Electron
Immunostaining for osteopontin in the control aortic valves demonstrated a low level of osteopontin protein expression (Figure 4, A1) . In the hypercholesterolemic aortic valves, there was an increase in osteopontin expression throughout the valve leaflet, as shown in Figure 4 , A2, and this was decreased significantly by atorvastatin (Figure 4, A3) . At the ultrastructural level, the protein expression changes were confirmed in the three treatment arms. In the control group, the osteopontin expression colocalized with the endoplasmic reticulum of the aortic valve (Figure 4, B1) . In the hypercholesterolemic valves, there was a marked accumulation of lipids with a change in the pattern of osteopontin localization, as demonstrated in Figure 4 , B2. The gold particles accumulated near the lipid infiltrates, with a prominent increase in the amount of gold label in these areas as well as the endoplasmic reticulum, as found in the control aortic valves. The atorvastatin-treated aortic valves had an appearance similar to the control aortic valves, with the osteopontin expression near the endoplasmic reticulum with very little evidence of lipid infiltration, as demonstrated in Figure 4 , B3.
Expression of Osteoblast Marker Genes in Aortic Valves
To demonstrate that hypercholesterolemia induces the expression of osteoblast-specific gene markers in the aortic valve, we performed RT-PCR from the total RNA isolated from the valve leaflets to measure the relative levels of alkaline phosphatase (475 bp), osteopontin (347 bp), and Cbfa-1 (289 bp). The control and high-cholesterol-treated animals expressed increased alkaline phosphatase RNA levels, whereas the atorvastatin-treated animals expressed very low levels of alkaline phosphatase ( Figure 5A) . Similarly, the hypercholesterolemic animals expressed increased levels of osteopontin and Cbfa-1 compared with the normal and atorvastatin-treated animals ( Figure 5 , B and C). The levels of alkaline phosphatase, osteopontin, and Cbfa-1 were normalized to GAPDH, and the relative levels are shown in the Table.
Discussion
Recent epidemiological studies have revealed that the risk factors for arterial atherosclerosis-male sex, smoking, and elevated serum cholesterol-are similar to the risk factors associated with development of aortic valve stenosis. 1 Our data demonstrate that experimental hypercholesterolemia produces biochemical and morphological evidence of atherosclerotic changes in the aortic valve that are similar to the changes found in the early stages of vascular atherosclerotic lesion formation. 20 Specifically, there is marked endothelial cell disruption, cellular proliferation, and foam cell formation on the aortic valve surface of animals fed a high-cholesterol diet. The atherosclerotic lesion in this model develops primarily at the base of the leaflets and decreases toward the tip of the leaflets. This is similar to that described in the valve leaflets of patients with familial hypercholesterolemia. 5 In this model, the hypercholesterolemic aortic valve not only developed an atherosclerotic lesion that is proliferative, but a lesion that expresses high levels of bone matrix proteins and osteoblast bone markers. The hsCRP levels are also increased in this model of experimental hypercholesterolemia, indicating an inflammatory state. This observation is consistent with the recent findings of Galante and coworkers, 21 who demonstrated an increase in CRP levels in patients with aortic valve stenosis. Atorvastatin, which has been shown to reduce hsCRP in humans, 22 decreased the hsCRP production in this model but not significantly.
The hypercholesterolemic rabbits in this study also expressed certain genes that are characteristic of later stages of osteoblast differentiation. Alkaline phosphatase is highly expressed on osteoblastic differentiation and is concentrated on the membranes of matrix vesicles, which appear to be required for the initiation of mineralization. Although alkaline phosphatase gene expression was similar in the control and hypercholesterolemic aortic valve tissue, there was an increase in gene expression of osteopontin and Cbfa-1 in the hypercholesterolemic valves. The similar alkaline phosphatase gene expression is not unexpected because alkaline phosphatase is not an absolute osteoblast specific protein, and some tissues normally express high levels of this enzyme. Furthermore, the levels of mRNA do not necessarily correlate with the protein (enzyme) levels. Osteopontin is an acidic phosphoprotein highly expressed in fully differentiated osteoblasts that may be involved in cell-matrix attachment and bone mineralization. 23 Cbfa-1 is only one of two osteoblast-specific transcripts so far identified that are not expressed in fibroblasts, 24 the other being osteocalcin. Cbfa-1 has all the attributes of a "master gene" differentiation factor for the osteoblast lineage. During embryonic development, Cbfa-1 expression precedes osteoblast differentiation and is restricted to mesenchymal cells destined to become osteoblasts. 25 In addition to its critical role in osteoblast commitment and differentiation, Cbfa-1 appears to control the rate of bone formation by differentiated osteoblasts. 26 Thus, our data indicate that there is a transformation of the aortic valve myofibroblasts to osteoblastlike cells or an invasion of osteoblast precursors, and this osteoblast phenotype may play a critical role in the subsequent process of valvular calcification. Figure 5 . Semiquantitative RT-PCR. A, RT-PCR with the total RNA from aortic valves for alkaline phosphatase (AlkPhos) (475bp), results normalized to GAPDH (451 bp). B, RT-PCR with the total RNA from aortic valves for osteopontin (OP) (347bp), results normalized to GAPDH (451 bp). C, RT-PCR with the total RNA from the aortic valves for Cbfa-1 (289bp), results normalized to GAPDH (451 bp). Cont indicates control; Chol, cholesterol-fed; Atorv, atorvastatin treatment.
